Co mpositional proximity to a morphotropic t ransformation between two ferroelectric solid-s olution phases seems to yie ld ceramic transducers having desirable properties over a wide range of te mperature. Examples of t his phenomenon were observed in the systems PbTi03-PbZr03, PbTi03-PbO:Sn02, PbTi03-PbZr03-PbO:SnO" and PbTi03-PbHf03. The dielectric and piezoelectric properties of ceramics having compos itions in these syste ms and in t he system PbZr03-PbO:Sn02 are described .
Introduction
Piezo el ectric ceramic transducers can be fabricated in a wid e variety of shapes and siz es. Like other ceramics fired to hi gh temperatures, they are generally nonreaetive at ordinary temperatures. In COl1-Lrast, crystal transducers must be formed by lapidary techniques from nearly-perfect single crystals. Many of the commonly-used ones are water-soluble ; others dehydra te easily when heated.
It is desirable to find ceramic composition s which are suitable for use as cIectromechanical transducers over a wide temperature in terval. To produce such a piezoelectric ceramic, it is necessary that the crystal structure of the material be devoid of a center of symmetry. However, it must also be possible to orient permanently the crystallographic directions of tbe component grains by an externally applied field .
The prevailing opinion indica tes that piezoelectric ceramics can be made only from ferroelectric crystalline materials. These are regarded as ones havin g a crystal structure which contains a dipole mobile enough to orient itself parallel to jts neighbors in adjacent unit cells, and to be reversible by an applied electric field [1 ] . 3 In polycrystalline form, the ferroelectric compounds clifl'er in their ability to acquire and reLain a piezoelectric effect, eve n though each would show strong piezoelectricity if a singlc-domai n crys tal of it were tes ted . Barium titanate, widel.\" used as a ceramic transducer, is an example of a ceramic capable of re t aining a strong piezoelectric effect. : :vlost of Lhe other ferroelectric compounds, in ceramic form, are inferior. Although there is a steady j ncrease, the numb er of su ch known oxide type ferroelectric cryst.alli ne compounds is small. Most of these compounds are known Lo have a distorted perovskite I The work cO\'crcd by t his report was sponsored b y the Offi ce of Ordn ance R e· sf'arch, Departmen t of t he Arm~T.
2 Present addrcss, ' rhe Brush Laboratories Co. , Clevcland, Ohio. 3 Figures in brackcts indicate the literature refe rences at the end of this paper.
type structure, AB03, in which th e A ions occupy the corners and the B ions occupy the center position of the unit cell, with the oxygen ions at the center of the faces. The ferro electric compou nds have b een found to have ei th er rhombohedral, tetragonal, or orthorhombic symmetry. It is b eing r ecognized that studies of solid-solution series between known ferro electrics and other materials related in stru cture can yield ceramic transducer materials of promise. It is known that the piezoelectric properties and the dielectric constant of ferroelectric barium titan ate are enha nced at temperatures near those of polymorphic inversions below the Curie temperature, such as near 0° C [2] . At these inversion temperatures, the crystal form changes from one ferroelecLric modification of the perovskite structure to another. 110m rece ntly, compositional boundaries have been noted between ferroelectric phases of slightly d iffering structure [3] . An abrupt change in th e structure of a solid solution wiLli variation in composition is known as a morpho tropic transformation. These morpho tropic transformations [4] occur because of free energy differences b etween two or more alternate crystallographic modifications of a given basic structure type. As one ion replaces another in a solid solution, the energies of the differ ent structures change, and the crystal assumes th e structure having the minimum free energy.
One example of morpho tropism between ferroelectric phases in solid soluLion is found in the system PbZr03-PbTi03 [3, 5] . In this system it was found that the cia ratio of tetragonal PbTi03, was decreased as PbZr03 was added in solid solution until a morpho tropic phase boundary occurred at 55 mole percent PbZr03. Solid solut ions higher in PbZr03 content were rhombohedral. Subsequen t experiments by the present investigators [6 , 7] showed that the room temperature dielectric cons tant and induced piezoelectric effects of ceramics wiLh compositions in this system were enhanced as the composition approach ed the phase boundary.
From a piezoelectric and dielectric standpoint, it would appear that compositional proximity to a morpho tropic transformation is even more desirable than temperature proximity to a polymorphic transformation. In consequence, experiments were continued on other solid-solution systems in which morphotropic transformations might be found .
. Experimental Procedure

Preparation of Specimens
The materials used for these investigations included reagent-grade PbO, a high-purity hydrated Sn02, a commercially-pure grade of ZrO;, and a good commercial dielectric grade of TiO~. The Hf02 cont ained about 0.7 percent by weight of Fe20 3. It also contained 3.1 weight percent of Ti02, for which allowance was made in computing the batches . Batches intended to yield 25 g of calcined material were weighed and ball-milled with distilled water for intimate mixing. They were then dried under infrared, mixed again in a mortar and, in most instances, pressed loosely into a pellet and calcined at 800 0 C for % lu' in a covered platinum crucible.
The calcined pellet was ground thoroughly, and specimens were then pressed at 15 ,000 Ib/in. 2 in the form of }~-in. disks of 0.050 to 0.100 in. thiclL A few drops of distilled water were added to prepare the powder for pressing; organic binders were avoided. Compositions which were prepared in the ternary system PbZr03-PbTi03-PbO :Sn02 are shown as open circles in figure l.
The specimens were weighed dry, and heat-treated in a platimum-wound resistance furnace. As Roberts [8] pointed out, the lead oxide in lead zirconate and its solid-solutions is volatile. Its loss can be controlled by firing the specimens in an atmosphere that contains lead oxide vapor. For this, the specimens were placed in a large (75 ml) platinum crucicible, and separated from one ano ther by platinum foil , as shown in figure 2 . A pellet of PbO + Zr02, enrich ed in PbO over the 1: 1 molar ratio by 4 weigh t percent, was placed on top of the stack of specimens. This pellet provided an " atmosphere" enriched in PbO vapor to r etard evaporation of PbO from t he specimens. A smaller crucible was inverted over the stack of specimens and another " atmospher e" pellet was placed on top of it. The large, or outer crucible, was then covered . It was found to be possible, by varying the weights of these " atmospher e" pellets, to cause the specimens to lose weight, r emain unchanged, or gain weight. This procedure follows that of Shelton et al. [9] who used it to produce leadcontaining ceramic dielectric specimens . For the heat treatment, a uniform heating rate of 4}6° C/min was maintained up to the soaking temperature. After soaking the specimen for 20 to 60 min., the furnace was allowed to cool naturally. Since the furnace is not massive, the initial cooling was quite rapid.
In general, the weight change of a specimen was less than 2 percent. Specimens with less than 0.1 percent absorption were considered to be matured. All specimens which were thought to have lost too much PbO, or were not well matured, were rejected. Absorption was measured by placing the weighed specimens into a flask, evacuating the air in the flask by means of an aspirator, and then allowing CC14 to enter the flask and cover the specimens. The specimens remained in the CC14 for about 3 min. Carbon tetrachloride was selected for this procedure since it allowed a rapid method of measurement. The results were then computed in terms of equivalent ' water absorption.
In addition to the absorption, the linear slu'inkage and the apparent density were measured as indications of maturity. The linear shrinkage was obtained by comparing the diameter of the disk-shaped specimens before and after heat treatment. The apparent density was obtained by calculation from the diameter and thickness of the specimens and their fired weight. The values, because of slight warping and eccentricity, are accurate to about 2 percent and are suitable for comparison purposes . The values of heat treatment and ceramic properties of th e compositions studies are listed in table 1. As desired, X-ray diffraction patterns were obtained with a Geiger-counter type X-ray diffractometer using CUKa radiation. These tests were generally made on intact ceramic specimens, although, in a few instances when orientation difficulties wer e suspected, powder samples wer e used . However, it was preferred to use specimens intact so that the same specimen would serve for oth er tests. From the lattice parameters, and th e molecular weight of the solid solution based on its nominal composition, the theoretical density was compu ted. After th e X-ray measurements, silver p as te was applied to the disk faces and then fired on to form electrod es .
240
l I 
-------. -32  16   64  20  -------33  24  56  20  -----34  32  48  20 -. -----35  34  46  20   ------.   36  36  44  20   --------37  38  42  20   --------38  48  32  20   --------39   64  16  20 -------- At least 24 hI' after th e specimens were silvered, measurements were made of the dielectric con stant and dissipation factor at 25 0 C, with less than 40-percent relative humidity. The measurements were made at frequencies of 1 kc, 50 kc, 1 Mc! and 20 Mc. The 1 kc measurement was made with a capacitance bridge; at the other. fr?quenci~s, a Q-meter was used .. ro s~ow the va~latlOn of dwlectric constant and dissipatIOn factor with temperature, measurements were made from -50 0 C t hrough the Curie temperature, at a frequency of 1 Me. From -50 0 C to 25° C a twin-T impedance measuring circuit was used on th e specimens which were contained in a refrigerated cabinet maintained at the desired temperature. A Q-meter was u~ed for the temperature range fro.m 25° C t~ the. Cune ~empera ture, which was as hIgh as 420 C m one Instance. The specimens were kept on a silver slab, the temperature of which was raised approximately 4 0 C per minute. As each desired temperature was reached, a measurement was made.
Temperature was measured by means of a chromel-alumel thermocouple imbedded in a control specimen resting next to the test specimen. These measurements were then plotted as a function of temperature. Any irregularities which might b e found in such curves would be indicative of polymorphic transformations.
Polarization
After dielectric measurements were completed, the specimens were polarized by subjeeting them to strong d-c fi elds. The specimens were kept immersed in a dielectric medium of clean carbon tetrachloride at room temperature. Generally, it was desired to maintain a voltage gradient of 150 v /mil (or 150 kv/in. ) for 1 hr. For some compositions this could not be done. Even though attempts were' made on several such sp ecimens, excessive sparking or . electrical. leakage oecurre~. In these instances, pIezoelectnc data for less mtense fields were reported.
Piezoelectric Measurements
The chief figure of merit used to evaluate the piezoelectri~ properti~s of the .ceramic disks was the radial coupmg coefficlCnt. ThiS was tested one week after polarization by measuring the. resonance and antiresonance frequencies of the radIal fundamental mode of vibration of a given specimen. A scheme essentially similar to t he one described by Mason [10, p. 292] was used, although the d-c bias shown was not employed. Frequency was measured . by the dial calibration of a signal generator. When desired this was checked ,yith a calibrated frequency meter.' The following equation, adapted from Mason [10] , was used :
.
iT where kr= radial couping coeffieient ia = radial antiresonance frequency i T= radial resonance freqnency
The piezoelectric properties were evaluated further for sp ecimens having their composition close to one of the morpho tropic boundaries between ferroelectric phases. : Measurements were made of t he radial resonance and antiresonance frequencies and of the 1 kc dielectric constants at a series of elevated temperatures below the Curie point. From these, the frequency constant (the produ ct of the disk radius and the radial resonance frequency) and t he d31 and g 31 piezoelectric constants were computed, a,s well as the radial couping coefficient at each temperature. For this measurement, the sp ecimen was placed on a hot plate which was heated slowly through the desired temperature interval. Temperature was m easured with a chromel-alumel th ermo-I couple embedded in a control specimen next to the one b eing tested.
The coupling coefficient squared indicates the ability to transform el ectrical energy to mechanical energy, or, conversely, to transform mechanical energy to electrica1. The d constant indicates the charge produced by a unit force or the deformation produced by a given potential. The g constant indicates th e potential gradient (op en circuit) caused I by a given stress, or conversely, the strain produced by a given charge density. Th e first subscript 3 refers to an electrical field in the direction of polarization. For a disk, this is usually paran el to the direction of thickness. The second subscript 1 refers to a strain normal to the polarization direction, alined with any disk radius.
At room temperature, in addition to the formula noted for coupling coeffici ent, the following expressions, adapted from Mason [10] , were used: 
Choice of Repor ted Values
A series of h eal, treaLmen Ls yielded specimen s wi t h varying absorpLion , fired den sity, and degree of m echan ical perfection. It was clear that maximum density an d minimum aosorpLion yield ed th e liighes L valu?s, particularly of radial coupling coefficien t, provIded tbaL cracks or in clu sions were a bse nL. The values repor ted for Lh e m easured properLics werc taken from an individual specimen Lhou gh t mos L nearly to approximate the ideal valu e of the propert ies of the m aterial under consid eraLion . For each composition, 1 to 10 matured specimen s wer e measured . For the compositions close to a morphot ropic phase boundary, a larger number of specimens of each vvas test ed. In those composi tions where maturity was not attained, the values r eported ar c t hose for the specimens with the lowest absorption.
In asm.uch as no specimen was perfect in ever y r espect, lt was felt t hat the specim en wi th th e high est coupling coefficient would also have a dielectric consta nt that most nearly approached the ideal valu e for the composition. Systematic varia tion of composition indicated that choices of this kind were justified.
. Results and Discussion
.1. Properties of Lead Components
Q . PbTiOa L ead tiLanaLe is a ferro electric perovskite, isomorphous wiLh barium titanate (tetragonal, cia> 1) [11 ] .
Its Curie temperature is near 490° C , and there are no lower polymorphic phase tran forma tions, such as charactel'i7.e barium titanate. At room temperature, i ts tetragonal ela ratio is l.06, which represen Ls a relatively large distortio n from the ideal cubic perovskite structure. Lead titanate was known lon g befo re its interesting dielectric prop er ties were realized [11, 12, 13] . Given sufficient time, the compound forms completely at temperatures as low as 375° C [13 ] .
Sillce PbTiOs is ferro electric, oriented single crystals of it should display a s trong piezoelectric effect. However, in ceramic form , specimens of PbTi03 frequently break after cooling through the Curie temperature [14] . Experiments with solid solu tiolls rich in PbTi03 indicate that room-temperature polarization by attainable d-c fields leaves no perceptible piezoelectric effeet, presumably because the cia ratio is so large t bat reori entation of the domains would necessitate excessive deformations and stresses at the grain boundaries. Polarization at elevated temperatures n ear the Curie poin t would be difficul t because of condueLivity.
Although PbZrOs has b ee n known for som e Lime [15] , iLs unusual dielectric properties [16] were noticed only a few years ago. L ead 7.irconaLe is considered to b e antiferroelectl'ic, and thus will not form a piezoelectric ceramic [17 , 1 , 19] . ILs X-ray powder pattern , at fLrst approximation , is Lhat of a tetragonal p crovskite with c/a< 1 [2 0 ]. It h as ince been recogn ized [18] that, al though Lhe primitive cell does havc t his structure, the larger tr ue uni t cell is of orth orh ombic symmetr y with an anLiparallel arrangemen t of dipoles. This anLiparallel shift causes tb e antifeIToelectric pl'oper Lies. It also res ults in super sLrucLure lines in the diffraction p attern.
There is a ferro elec tric ph ase th at is close in energy to the a ntiferroelectric phase at temperatures just below th e Curie point [17] . As a result, a plot of dieleetl·ic eonstant as a function of temp erature resembles that of a typical ferroelectric. However , the dielectric hysteresis loops which typify a fe1"1"oelec tric are absent. There is some question abou t th e stabili ty of a perovskite-typ e 1:1 compound of PbO and n0 2, and even about its existence. Coffeen [21] has reported the properties of a lead stannate precipitated from solution as the di-hydrate. ·When dehydrated , this ma terial has an X-ray pattern which we consider to be tha t of a dis tor ted fluori te type structure. It. seem s possible t, hat t his phase, instead of AB03, may have the formula-typ e AB04 like other fluorites . Naray-Szabo [22] repor ted a tetragonal perovskite structure differing from that of Coffeen's d ehydrated material. W e have not observed this perovski te. The fluorite-type phase som etimes app ears as a diluent in perovski te-typ e solid solutions rich in PbO :Sn0 2. However, a sample of the fluorite-typE' m aterial th at was heated in air to 50° C was found to be partially decomposed into free Sn02 and an unknown phase. Bystrom [23] Shirane and Pepinsky [24] reported on PbHf03. At room temperature it is antiferroelectric, and isomorphous with PbZr03' However, at 158 0 C, another slightly altered antiferroelectric phase appears and persists up to the Curie temperature, 215 0 C, where the material becomes cubic and thus paraelectric. Shirane and Pepinsky were able to obtain these structural and dielectric data, even though their total supply of Hf02 was only a single gram. They were troubled by volatilization of PbO because not enough Hf02 was available to work out a satisfactory firing procedure. Table 1 gives the compositions, heat treatment, and ceramic properties of the speCImens studied. X-ray diffraction powder patterns have provided the lattice parameters shown 111 table 2. The dielectric properties at room temperature, the Curie temperature, and the peak dielectric constant for the solid solutions studied are given 111 table 3. Table 4 shows the radial coupling coefficient observed for these specimens.
Properties of Solid Solutions
a. PbTiOa-PbZr03
The work on ceramics having compositions in this system has been described briefly elsewhere [7] . However, it will be reviewed here in more compr ehensive form.
As mentioned in the introduction, the properties of Pb (Zr,Ti)03 solid solutions were described by Shirane and Suzuki [4] , and later reviewed by Sawaguchi [5] . Although PbZr03 is antiferroelectric, its solid solutions with more than about 10 mole percent PbTiOa are ferroelectric, as shown in figure  3a . A morpho tropic phase boundary occurs near 55 mole percent PbZr03. Solid solutions richer in PbZr03 are rhombohedral (pseudo cubic with slight extension along a body diagonal), while those richer in PbTi03 are tetragonal with c/a> 1 (pseudocubic with slight elongation along one coordinate axis). The deviations from cubic symmetry for these solid solutions are shown in figure 3b.
Ceramic specim~ns of these ferroelectrics were found to have structures which confirmed those reported by Shirane. The structures of the compositions studied in this binary system are among those listed in table 2. Although substitution of ZrH for TiH in PbTiOa caused the Curie temperature of the solid solutions to diminish without discontinuity, b Predominantly tetragon al with minor content of rhombohedral phase.
• Also conta ined non-ferroelectric phases.
d Although listed h ere for conven ience as t etragonal, c/a< l, the superstructure Jines ob ser ved for these solid solutions have been interpreted for pure PbZrO, b y Sawaguchi, M aniws, and Hoshino [18] as indication of a l arger unit cell with orthorhombic symmetry.
• Predominautly rhombohedral with miuor content of tetr agonal phase. f Probably the limitin g rhomboh edral co mposition. the dielectric constant and the radial coupling coefficien t at room temperature exhibited a pronounced maximum as th e composition approached t he phase boundary, as shown in figure 4 . The compositions 52.5 and 55.0 mole percent PbZr03, close to the boundary, approached 0.4 radial couplin g coefficient value. Room temperature polarization of the solid solu tions rich in PbTi03 had little, if any, effect. The coupling coefficient, frequency constan t , d31, and g31 ar e plotted in figures 5 and 6 as a function of temperature for the two compositions near the phase boundary. The values plotted in these figures are given in table 5. The radial coupling coefficients at room temperature for the limiting rhombohedral and the limit ing tetragonal compositions were high . That of the limiting rhombohedral composition , 55 mole percent PbZr0 3, remained relatively high at elevated temperatures. It was still over 0.3 at 275 0 C, although limited exp erimen ts indicated that the original properties were not fully · regained upon cooling from the high temperature. The value for the room temperature r adial coupling coefficient shown for this sp ecimen in tables 4 and 5 are slightly different. The slightly lower value shown in table 5 is due to an aging effect on the specimen . Additional refin ement of composition to approach the boundary more closely migh t yield still better properties, bu t was not attempted h ere.
The di electric constant and th e resonance frequency are bo th sensitive indications of polymorphic inversion . They indicate, for these compositions, no inversions below tli e Curie temperature (unless they occur b elow -50 0 C, the lower limi t of our dielec tric tests).
b. PbTiOa-PbO:Sn02
NIanv similarities were observed b etween th e effect of PbO· :Sn02 and that of PbZr03 when added in solid solution to PbTi03• For the Pb (Sn ,Ti)0 3 series, also, t h e presence of a morphotropic transformation som ewhere between 55 and 60 mole per cent PbO : Sn02 was indicated. As Sn H replaced TiH in PbTi03, the tetragonal cia ratio diminished from 1. 06, becoming 1.01 for the composition con taining 55 mole percen t PbO :Sn02. For the composition containing 60 mole percen t PbO :Sn02, however , a pseudocubic p erovskite structure was indicated by th e diffraction p attern. The lX2 p eaks usually observed for a cubic structure were not visible. Observation of ferroelectric hysteresis loops by the usual m ethod l25], and of the other dielectri c and piezoelectric properties, m ade it clear that the true symmetry was really pseudocubic rather than cubic. Figure 7 shows how the substitu tion of PbO :Sn 0 2 in PbTi03 reduces the Curie tcmperat ure_ It is also, in a rudimentary way, an indication of the solid-state ph ase diagram.
As further evidence of the existence of th e morphotropic transformation, it m ay b e seen in figure 8 that th e room-temperature dielectric con stant rose to a sharp maximum as th e composition approached that of the phase bound ary. H ere, too , maximum values of coupling coefficient wer e observed. They were less than 0.3. In this respect th ey are not outstanding. Figures 9 and 10 show the variation of piezoelectric properties with temperature for two compositions n ear the phase boundary. The values plotted in th ese figures are given in tablc 5.
As still more PbO:Sn02 was added, the solid solu tion b ecame incomplete. Ceramics rich in PbO :Sn02 consisted of a ferroelectric peroYskite phase and one or more n onferroelectric phases whi ch served as diluents. Although th e composition with 75 mole per cent PbO :Sn0 2 still had a ferroele ctrictype h ysteresis loop, the value of the peak dielectric constan t at its Curie point was much lower th an usually observed for a good-quality ceramic consisting of a single ferroelectric phase. The diluent phases consisted of fluorite-type PbO :SnOz and, in some instan ces, free Sn02. Evidently this composition exceeds th e limi t of solid solubility of PbO:SnOz in PbTi03.
N omura and Sawada [26] reported on solid solutions of PbO:Sn02 and PbTi0 3. Although difficulties were enco unter ed in translation from th e Japanese, it would appear that our results and th eirs differed in certain respects. They r epor ted limited solid solubility when PbO:Sn02 exceeds 75 mole percent; our results concur. However, the~-did not observe any morpho tropic transition ncar 55 mole percent PbO :Sn02. The di electric cons tan t values they reported for solid solutions containing less than 75 mole percent PbO :Sn02 are so low that one migh t assume that appreciable loss of PbO by volatilization occurred. As an example, their equimolar composition had, at room temperature, a dielectric constant of about 100. Our measured values for ceramics of like composition were n early 900, and the composition was found to be near the phase boundary. At the Curie point, t he differ ences are even more striking Our peak dielectric constant for the composition with 50 mole p er cent PbO :Sn02 was almost 6 ,000. The peak dielectric constan t observed for this composition by Nomura and Sawada was only abou t 800 at the Curie temperature.
c. PbZr03-PbO:Sn0 2 X-ray diffraction powder patterns of PbZr03-PbO :Sn0 2 solid solutions revealed that PbO :Sn0 2 is soluble in PbZr03 up to the maximum proportions tried, 70 mole p ercent PbO:Sn02. At the temperatures necessary to produce low-absorption ceramics, th ere was no observable tendency toward dissociation to eith er Pb2Sn04+fl'ee Sn02 or to a flu orite-t ype lead stannate.
The structures of th e solid solutions " -ere sin glephase perovskites. They appeared to be isostructural · with PbZr03 and sh owed similar superstructure lines. As Sn H replaces ZrH in the lattice, the primitive pseudo tetragon al cell size decreases, and its cia ratio, which remains less than one throughout, approach es closer to unity. Simultaneously , th e Curie temperature increases, although the magnitude of the peak dielectric constant diminishes greatly. Kittel [19] h as pointed out that a high peak dielectric constant at th e Curie temperature is not a n ecessary condition for an tiferroelectricity. It is felt that this series illustrates his point. TARLE (kr ) , the frequency constant (f. c., radial  1'esonance fTeq uency multiplied by disk mdius) , and the d31 and g 31 piezoelectric constant An at-tempt was made to observe hysteresis loops. With GO-cycle alternating field s of about 80 volts RJ\IS PCl' 0.001 in. , the patterns produced for th ese specimens at room temperature were those of lineal' dielectrics. Because they are isostructural with PbZr03, show dielectric constant maxima, and have no dielectric hysteresis, it must be concluded that th e Ceramic sp ecimens of these ternary solid solu tions wore examined b y X-ray diffraction powder analyses. The solid solutions riell in PbTi03 were tetragonal with cia> 1. If a sufficient quantity of PbZrOa plus PbO:Sn02 was added in any proportion, the tetragonal phase was replaced by a rhombohedral one with a < 90 0. These lattice parameters are shown in table 2. Thus, the phase boundary that characterizes both the PbTiOa-PbZr03 and the PbTiOaPbO:Sn02 systems persists into the ternary field and runs smoothly from one binary phase boundary to the other, as shown in figure 1 . The areas of stability of the various phases at room temperature can also be seen in this diagram. Along this morpho tropic boundary, the diel ectric constant and the radial coupling coefficient were enhanced, as can be seen from tables 3 and 4.
Electromechanical properties at elevated temperatures of selected specimens of compositions close to l1wTphotTopic solidsolution phase boundaries. Th e properties listed are the mdial coupling coe.Oicient
Because the PbZrOa-PbO :Sn02 binaries were antiferroelectric, there must be another morpho tropic boundary between that phase and the rhombohedral one. This does, in fact, exist. As found by hysteresis studies at th e 30 mole percent PbO:Sn02 level, the compositional position of this boundary seems to be slightly temperature dependent (fig. 11 ). The composition with 56 mole percent PbZrOa remained ferroelectric from -50° C to th e Curie temperature, 140° C. A composition containing 59.5 percent PbZr03 remained ferroelectric up to about 125 0 C, then became antiferroelectric, and remained so up to 160 0 C, its Curie temperature. At th e 63 percent PbZr03 composition, antiferroelectricity existed from -50° C to its Curie point.
For th e composition with 59.5 mole percent PbZrOa, at temperatures in its antiferroelectric range, anomalous hysteresis loops of the type first described by Shirane, Sawaguchi, and Takagi [17] were obtained. These are characterized by a linear central region which opens up to two minor loops, one at each extreme. This type of loop shows the existence of a ferroelectric phase at an energy level slightly above the antiferroelectric phase. Instantaneously during each cycle the crystal becomes ferroelectric when a threshold voltage is exceeded, then becomes antiferroelec.tric when th e instantaneous voltage diminishes agam.
In a narrow region along the rhombohedral edge of the phase boundary, the X-ray powder patterns showed a small content of the tetragonal phase, in addition to the major rhombohedral phase. It is not clear whether thi" represents equilibrium or disequilibrium for these specimens. A smooth curve has been drawn through the Curie temperatures obtained ncar the morpho tropic ferro electric phase boundary in figure 11 , because the data were not sufficient to attach any significance to the spread of values.
It was found that the specimens of compositions adjacent to the phase boundary, and containing 40 and 50 mole percent PbO:Sn02, were very difficult to mature, even though many heat-treatment schedules were tried. The boundary compositions on the 40 mole percent PbO:Sn02 level with 13.5 percent PbZrOa and 15 percent PbZrOa, were made with fairly low absorption only after repeated h eating; the compositions on the 50 mole percent PbO:Sn02 level with 6 .25 percent PbZr03 and 7.5 percent PbZr03 were not matured (See table 1). There was no apparent reason for this; volatilization was low and there was no evidence of other dissociation. The materia13 remained single-phase perovskites.
Because th e fired density of these compositions may be less than optimum, their dielectric and piezoelectric properties probably do not adequately repre8ent those of the composition itself.
As the phase boundary is traced from the Pb(Ti, Zr)Oa composition at 55 mole percent PbZrOa toward the Pb(Ti,Sn)Oa composition at 55 mole percent PbO: Sn0 2, the dielectric constant, shown in figure 12 , and the radial coupling coefficient values, shown in figure 13 , remain high through 30 mole percent PbO: Sn02, then diminish, for reasons stated in the preceding paragraph. The maxima on both of these figures help delineate the phase boundary. In the region where the coupling coefficient is high, it can be noted that addition of PbO: Sn02 tends to increase the room-temperature dielectric constant. For a given value of coupling coefficient, th is would tend to lower g31 and raise dal , because K 2 equals the product of g, d and Y. Therefore, at room temperature, tbe rhombohedral binary composition 55 mole percent PbZrOa has the best g3l value, while the tetragonal ternary composition with 30 percent PbO: Sn02 and 22.75 percent PbZrOa, has the hi ghest d31 constant. High d constant is important for a transducer used as a driver or generator of motion ; hi gh g constant is important for sensing elements where motion or force must be converted to an electrical signal. However, even though optimum d constant may be important, the decrease in Curie temperature that accompanies substitution of Sn4+ for Zr4+ in this system must be regarded as a disadvantage offsetting the increase in d31 • Figures 14 and 15 show the dependen ce of the electromechanical properties of compositions on the join containing 30 mole percent PbO: Sn02 with 22 .75 percent PbZr03 and 'ivith 24.5 percent PbZr03, the limiting tetragonal and rhombohedral compositions respectively. The values plotted in these figures are given in table 5. For all the boundary compositions, no ferroelectric-ferroelectric polymorphic phase transformations were noted at temperatures below th eir Curie point. Thus, there are no major irregularities in the curve of resonance frequency as a function of operating temperature. In fact , figure 15 shows that the resonance frequency of the composition with 30 mole percent PbO: Sn02 and 24.5 percent PbZrOa only varies about 2 percent between 25° and 225° C. This is characteristic of all the limiting rhombohedral compositions in this system. A comparison of figures 14 and 15 with figures 5 and 6 will bring out the effects of the PbO: Sn02 substitution for PbZrOa in this system. e. PbTiOa·PbHfOa
Specimens of PbTiOa-PbHfOa solid solutions were made in ceramic form. Here, too, a morpho tropic inversion was observed somewhere between 47~ and 50 mole percent PbHf03• Structurally, compositions in this system proved to b e very similar to those in the Pb(Zr,Ti)0 3 series. Increasing content of lead hafnate, as it replace lead titanate, lowers the Curie temperatuTe and, at room temperatme, decreases the tetragonal cIa raLio. The equimolar composition was predominantly rhombohedral with a small con ten t of the tertagonal phase. Solid solutions richer than till in PbHf03 were rhombohedral. It is recognized that other morpho tropic phase boundaries may exist for compositions high in PbHf03, but they are out ide the range of compositions investigated. Figure 16 shows the lo cus of the Curie points for the various compositions, and is a first approximation of the solid-state phase diagram.
As th e composition approached the morphotropic phase boundary, the room-temperature dielectric constant and the radial coupling coefficient become maximum, as indicated in figure 17 . Here, too, radial coupling coefficient values of almost 0.4 were observed. Specimens of these Pb (Hf,Ti)0 3 compositions had relatively high leakage during polarization, presumably b ecause of their F e20 3 content. The magnitude of th e polarizing field (table 4) was varied to accommodate specimens of different quality. As a result, comparison between pecimens of a series of compositions is hindered. It seems clear, however, that dec irable value of coupling coefficient typify the boundary compositions. Figures 18 and  1 9 show the change of the piezoelectric properties of the boundary compositions with temperature. The values plotted in these figures are given in table 5. Additional exp eriments to make these specimens with a highly-pure grade of Hf02 proved to be disappointing. Th e specimens were difficult to mature, and inferior values of dielectric con tant and coupling coefficient were obtained.
. Summary
It has b een observed that the dielectric constant and the radial coupling coefficient exhibit maxima at compositions approaching the morpho tropic boundaries, an effect similar to that observed at polymorphic phase boundaries. Electromechanical properties as a function of temperature are summarized in table 5 for the specimens close to the morpho tropic boundaries. These compositions exhibit high Curie temperatures, 175 0 0 or above and high radial coupling coefficient, greater than 0.33, as observed in all the specimens except those occuring in the PbTi03-PbO:Sn02 sys tem. Th e limiting rhombohedral composition Pb (Ti.45Zr.55)0 3, exhibited a high radial coupling coefficient for temperatures as high as 275 0 O. This composition also exhibits the highest g 3l constant as measured at room temperature. The limi ting tetragonal composition in the 30 mole percen t PbO: n02 series exhibits the highest d3l constant. The frequency constant is most stable for the limiting rhombohedral composition on the 30 mole p ercent PbO:Sn02 level, although all the limiting rhombohedral compositions are good . Prop erties of solid solu tion ceramics in the system Pb (Ti,Hf)Oa were found to be similar to those found in th e Pb (T i, Zr) Oa system.
It has been shown in th e presen t study that ferrociectri c solid-solution ceramics, h aving their com-249 po ition clo e to a morphotropic pha e boundary, exhibit high dielectric con tant and relatively good piezoelectri c properties. Furthermore, if polymorphic inversion below the Curi e temperature do not occur, th e de irable prop erties are stable over a wide range of temp erature. Examples of this phenomena have been ob erved for th e solid solution series PbTi03-PbZr03-PbO:Sn02 and PbTi03-PbHfOa. .... This is an indication of part of the solid state phase diagram. P,ubio-paraelectric; F tetr and F rbomb-ferroelcctric. W ASHINGTON, July 8, 1955 .
